INTRODUCTION 22
A target embedded within a background sound can "pop out" perceptually if the background masker is 23 presented by itself first. This phenomenon, commonly termed auditory enhancement (Viemeister, 1980; 24 Viemeister and Bacon, 1982) , has been demonstrated and quantified in many psychophysical studies. For 25 instance, thresholds for detecting a target tone within a simultaneous masker can be improved (decreased) 26 by presenting a copy of the masker in the form of a precursor (Viemeister, 1980) . A precursor can also 27 increase the effectiveness of a target tone in masking a subsequent probe tone, suggesting that the target's 28 neural representation has been amplified (Viemeister and Bacon, 1982) . When the target is presented well 29 above its detection threshold, its perceived loudness can be increased by a precursor (Wang and 30 Oxenham, 2016), and it can become sufficiently salient to be perceived as a separate entity with a distinct 31 pitch (Hartmann and Goupell, 2006; Erviti et al., 2011; Byrne et al., 2013; Demany et al., 2013; Feng and 32 Oxenham, 2015) . 33
Auditory enhancement may reflect processes in the auditory system that aim to adapt and 34 normalize the representation of sound to improve coding efficiency (Barlow, 1961; Dean et al., 2005) and 35 to sensitize the system to changes or new events in the acoustic environment (Stilp et al., 2010) . 36
Enhancement could therefore play an important role in everyday auditory perception. In addition, the size 37 of the effect can be large, leading to effective amplification of the target of between 5 dB and 25 dB, 38 depending on the task Feng and Oxenham, 2015) . Given the potential importance 39 of auditory enhancement, it is surprising that relatively little is known about its neural origins. An earlier 40 study in the auditory nerve of the guinea pig (Palmer et al., 1995) found that auditory-nerve fibers adapted 41 to the precursor stimulus, so that the response to the masker was reduced more than the response to the 42 target, leading to a relative enhancement of the target response. However, no evidence for an absolute 43 enhancement of the target response was found, as would be needed to explain the perceptual phenomena 44 described above (Viemeister and Bacon, 1982 ; Wang and Oxenham, 2016) . Some enhancement has been 45 reported in the cochlear nucleus, but it was limited to the onset of the target tone (Scutt and Palmer, 46 47 within the inferior colliculus (IC) of awake passive marmoset monkeys (Nelson and Young, 2010) . Taken 48 together, the results suggest hierarchical processing, with enhancement only emerging at the level of the 49 IC. However, such an interpretation must be tempered by the fact that the studies were carried out in 50 different species, only the study of Nelson and Young (2010) was attempted in an awake preparation, and 51 none of the studies included behavior. Evidence from human studies remains limited. Beim et al. (2015) 52 found no evidence for enhancement in the cochlea, using otoacoustic emissions (OAEs), and Carcagno et 53 al. (2014) found no evidence for enhancement in the 80-Hz auditory steady-state responses, which are 54 thought to be primarily subcortical in origin (Herdman et al., 2002; Bidelman, 2018) . Thus, it remains the 55 case that no neural correlates of enhancement in humans have yet been reported. 56
Here we employed EEG to probe the neural correlates of enhancement at not only the sub-cortical 57 but also the cortical level which has not been investigated in any previous studies. We used a stimulus 58 design described by Feng and Oxenham (2015) , which yields up to 24 dB of auditory enhancement, as 59 measured behaviorally, potentially increasing the likelihood of observing neural correlates of the effect. 60
In addition we used a frequency tagging paradigm that enables us to analyze the neural responses to the 61 target and masker components separately. The target and masker components were tagged with a 62 combination of low (around 40 Hz) and high (around 100 Hz) amplitude modulations (AMs), selected to 63 investigate primarily cortical and sub-cortical responses, respectively. The responses to the target and 64 masker were estimated by measuring the magnitude of auditory steady state responses (ASSRs) at these 65 specific tagging frequencies. We observed increased responses to the target tone at both subcortical and 66 cortical levels. The magnitude of the enhancement was larger at the cortical level, consistent with the 67 concept of hierarchical processing, whereby enhancement is progressively increased throughout the early 68 stages of auditory processing. Consistent with psychophysical findings, no changes in the response to the 69 masker components were observed in the presence of a precursor. Perceptual thresholds for a target tone were measured in conditions that did and did not include a 82 precursor stimulus, in order to confirm and quantify the amount of behavioral enhancement using the 83 same stimuli that were then employed in the EEG recordings. 84
Stimuli. In the simultaneous masker condition with no precursor (MSK), each trial contained an 85 inharmonic complex tone with five equal-amplitude components spaced apart from each other by 5/11 86 octaves, followed by a pure-tone probe. The target tone was the 3 rd component within the complex tone. 87
The frequency of the probe tone was either the same as the frequency of the target tone, or was 88 geometrically centered between the frequencies of the target tone and of one of its adjacent neighbors 89 with equal a priori probability. From trial to trial, the frequencies of the entire inharmonic complex were 90 randomly roved within a one-octave frequency range (with uniform distribution on a logarithmic scale). 91
This roving led to the frequency of the target tone being anywhere between 1 kHz and 2 kHz on any given 92 trial. The inharmonic complex and probe tone were each 437.52 ms long, including 10-ms raised-cosine 93 onset and offset ramps, separated by a 100-ms silent gap. The level of each masker component was 45 dB 94 6 sound pressure level (SPL). In the enhanced condition (ENH), a precursor was presented before the 95 inharmonic complex. The four precursor frequencies matched those of the masker in each trial (i.e., no 96 component at the target frequency). The duration of the precursor was also 437.52 ms, including 10-ms 97 raised-cosine onset and offset ramps. The delay between the precursor offset and inharmonic complex 98 onset was 10 ms. In the conditions with amplitude-modulated (AM) tones, the four masker components in 99 the masker-plus-target complex were amplitude modulated with the sum of two sinusoidal waveforms at 100 34.28 and 91.42 Hz, each presented at a modulation depth of 25%. The amplitude modulation for the 101 target component was the sum of two other sinusoidal waveforms at 43.43 and 98.28 Hz, each modulated 102 at a depth of 50% (Fig. 1a ). The probe tone was modulated the same way as the target. The 437.52-ms 103 duration of inharmonic complex and probe tone ensured an integer number of cycles of all the modulation 104 frequencies, such that the starting and ending phases were both at zero and consistent for all modulators. 105
The precursor components were not modulated in the ENH condition ( Fig. 1b) . 106
Procedure. Participants were individually seated in a double-walled sound-attenuating booth. The stimuli 107
were generated digitally using the AFC software package (Ewert, 2013) under Matlab (Mathworks, 108 Natick, MA) at a 48-kHz sampling rate, delivered through an L22 soundcard (LynxStudio, Costa Mesa, 109 CA) with a 24-bit resolution, and presented monaurally to the right ear via HD650 headphones 110 (Sennheiser, Old Lyme, CT). The task was a present/absent task where the listeners were asked to report 111 whether or not the probe tone was present in the target-plus-masker complex. The two alternatives (probe 112 tone present or absent) were presented with equal a priori probability. The level of the target tone was 113 initially set to 65 dB SPL (i.e., 20 dB higher than the individual masker components) and was varied 114 adaptively following a two-down one-up rule that tracks the 70.7% correct point on the psychometric 115 function (Levitt, 1971) . Feedback was provided after each trial. The level of the probe tone was always 116 the same as that of the target tone. Initially the level of the target was varied in steps of 5 dB. After two 117 reversals in the direction of the adaptive tracking procedure, the step size was reduced to 2 dB. The run 118 was terminated after eight reversals and the threshold was computed as the average target level at the last 7 six reversal points of the tracking procedure. There were four conditions in total, including a simultaneous 120 masker, or no precursor, condition (MSK) and an enhanced condition (ENH) either with pure tones or 121 AM tones. Each condition was tested once for each participant. Each participant either started with the 122 pure tones or the AM tones, with the order counterbalanced between participants. The MSK and ENH 123 conditions were presented in a different random order for each participant and tone type (pure or AM). 124
Threshold was defined in terms of the target-to masker ratio (TMR), or the level of the target relative to 125 the level per component in the remainder of the inharmonic complex. 126
Screening and training. Before the main experiment, participants were required to pass two pitch-127 discrimination training and screening sessions. In the first session, the participants were presented with 128 two consecutive pure tones, each 437.52 ms in duration, separated from each other by a silent gap of 100 129 ms. The two tones were either the same or differed in pitch by the same amount as the target and probe 130 tones in the main experiment. Participants were asked whether the two tones had the same or different 131 pitch. In the second session, both tones were amplitude modulated with a sum of two sinusoids at 43.43 132 and 98.28 Hz with a 50% modulation depth for either frequency. The tones in session 1 and the carriers of 133 the AM tones in session 2 were roved in frequency from trial to trial in the same way as in the main 134 experiment. All participants had to obtain at least 80% correct in both sessions to pass. All 10 participants 135 passed the screening. Stimuli. The stimuli used for the EEG experiment were the same AM tones used in Experiment 1, but 142 without the probe tone. All four masker components in the masker-plus-target complex were amplitude 143 modulated with the sum of two sinusoids of 34.28 and 91.42 Hz with 25% modulation depth for each 144 frequency. The target component was modulated with the sum of two other sinusoids of 43.43 and 98.28 145
Hz with 50% modulation depth for each frequency. The precursor components in the ENH condition were 146 not modulated. The duration of the precursor and masker were both 437.52 ms, including 10-ms raised 147 cosine onset and offset ramps. Both conditions, with precursor (ENH) and without precursor (MSK), were 148 tested at three target-to-masker ratios (TMRs) of 0, -5 and -10 dB, resulting in a total of six conditions. A 149 total of 1000 trials were run in each condition for each participant, and the frequencies of the entire 150 inharmonic complex were randomly roved on each presentation in the same way as in Experiment 1. Half 151 of the trials were presented in the inverted starting polarity to allow for the cancellation of any stimulus-152 For the behavioral measurements (experiment 1), the target-plus-masker mixture was followed by a 157 probe tone. 158
Procedure. Each participant took part in one experimental session of 2.5 hours, including behavioral 159 measurements, setup, and EEG data collection. Participants were seated in a double-walled, electrically 160 shielded, sound-attenuating booth. Each session started with a short behavioral test, with the same 161 unmodulated stimuli used in Experiment 1, with one run of each of the two conditions, MSK and ENH. 162
During the EEG data acquisition, participants were fitted with a cap (Easy Cap; Falk Minow Services) 163 containing 64 silver/silver-chloride scalp electrodes. Two additional reference electrodes, one placed on 164 each mastoid, and two ocular electrodes were used. The impedance of all electrodes was monitored and 165 maintained below 10 kΩ. The EEG data were recorded at a sampling rate of 4096 Hz using a 64-channel 166
BioSemi system. The sounds were presented via ER-1 insert phones (Etymotic Research, Elk Grove, IL), 167
and participants watched a silent movie with subtitles during data acquisition. The six conditions (MSK 168 and ENH conditions presented at three TMRs) were played in a different random order for each 169
participant. 170
The EEG pre-processing and averaging was done using the EEGLAB toolbox (Delorme and 
Eq. 1 187
The same procedure was repeated 100 times independently to estimate the distribution of the 188 PLVs and the mean was calculated as the observed PLVs for one electrode in one condition (Eq. 2). 189
Eq.2 190
To evaluate the statistical significance of PLV values, bootstrapping was used to estimate the noise floor. 191
A null model was tested by generating one random distribution of PLVs by repeating the procedure for 192 PLV calculation described above 1000 times except that the phase in Eq. 1 was set to be random 193 The mean behavioral threshold across all participants in Experiment 2 was 13.4 dB TMR in the MSK 204 condition and -11.1 dB in the ENH condition. These results validated the TMR range (-10 dB to 0 dB 205 TMR) chosen for the physiological measurements, showing that the selected TMRs included those for 206 which clear behavioral enhancement was observed. The average amount of enhancement calculated as the 207 difference in thresholds with and without the precursors (MSK -ENH) was 24.5 dB. This value is 208 comparable to the average enhancement reported by Feng and Oxenham (2015) , showing that the 209 modification of the current stimuli (fewer maskers and smaller roving range) did not noticeably affect the 210 amount of enhancement. In Experiment 1, the average enhancement was ~20 dB for the modulated and 211 unmodulated stimuli. A one-way repeated-measures analysis of variance (ANOVA) on the amount of 212 enhancement with stimulus type (pure tones vs. modulated tones) indicated no significant effect of 213 stimulus type (F1,18 = 0.071; p = 0.8), suggesting that the additional amplitude modulations used for the 214 EEG experiment did not affect the amount of enhancement. The average responses over 17 participants are plotted in Fig. 4 as a function of the TMR. As the 241 TMR increased, the response to the target embedded in the simultaneous masker (MSK condition) tended 242 to increase (dashed orange lines). When a precursor was present (ENH condition), the responses to the 243 target were enhanced compared to the MSK condition with no precursor (solid orange lines). The 244 enhancement in the neural responses to the target appeared more pronounced at the cortical level ( Fig. 4,  245 left panel). In contrast, the responses to the masker did not vary with TMR and did not appear to be 246 affected by the presence of the precursor (black lines). The amount of enhancement was calculated as the 247 difference in PLV between the ENH and MSK conditions, shown in There was no significant effect of TMR (F2,32 = 0.38, p = 0.687) and no significant interaction between 252 the two factors (F2,32 = 0.12, p = 0.89). Similarly, for the subcortical responses, there was a significant 253 main effect of stimulus component (F1,16 = 7.24, p = 0.016) but no significant effect of TMR (F2,32 = 0.66, 254 p = 0.52) and no interaction (F2,32 = 1.58, p = 0.23). Since the ANOVAs showed that enhancement does not depend on TMRs, we averaged the 260 enhancement across all three TMRs for the target and masker respectively for further analysis. A one-261 sampled t-test was applied for the averaged enhancement at both the cortical and subcortical frequencies. 262
For both cortical and subcortical frequencies, the enhancement for the target component was significantly 263 different from zero (Cortical: t16 = 7.1, p < 0.001; Subcortical: t16 = 2.38, p = 0.03). In contrast, the 264 enhancement of the masker components were not significantly different from zero (Cortical: t16 = 0.81, p 265 = 0.43; Subcortical: t16 = 0.57, p = 0.58). In order to investigate whether the enhancement in target 266 responses differs at two auditory process stages, we conducted a two-way repeated-measures ANOVA on 267 the enhancement in target responses with tagging frequency (cortical or subcortical) and TMR as within-268 subjects factors. There was a significant main effect of tagging frequency [F(1, 16) = 19.82, p < 0.001]. 269
However, neither the effect of TMR [F(2,32) = 0.79, p = 0.461] nor the interaction between the two 270 15 [F(2,32) = 0.15, p = 0.86] was significant, confirming that the amount of enhancement was smaller 271 overall at the sub-cortical level, but that the independence with TMR was the same at both levels. The current study provides evidence for neural correlates of auditory enhancement in humans. These 279 neural correlates were observed at both sub-cortical and cortical levels in humans using ASSRs with a 280 combination of both fast (~100 Hz) and slow (~40 Hz) amplitude modulations. In line with behavioral 281 data from earlier studies (Viemeister and Bacon, 1982; Wang and Oxenham, 2016) , enhancement of the 282 response to the target was observed together with no change in the responses to the masker. The stronger 283 enhancement of the target with the 40-Hz ASSR than with the 100-Hz ASSR suggest stronger correlates 284 of enhancement at the cortical than at the subcortical levels. 285
Neural gain and behavioral thresholds 286
The enhanced neural responses to the target in the presence of the precursor in our current study could 287 correlate with the perceptual "pop-out" of the target measured psychophysically. However, it is still not 288 clear how the neural representations are decoded or read out quantitatively to determine the perceptual 289 thresholds. For instance, in the MSK condition, the average behavioral threshold is over 10 dB TMR (Fig.  290 2), even though there is robust neural representation of the target at 0 dB TMR or lower (40-Hz ASSR). 291
Assuming that the behavioral threshold to hear out the target tone from the masker for pitch comparison 292 requires the neural responses to the target to exceed a certain threshold, the behavioral enhancement 293 should be reflected in the difference of TMRs which yield the same PLVs in the MSK and ENH 294 conditions (orange lines in Fig. 4 ). For instance, the average PLV of the cortical response (left panel in 295 Fig. 4 ) at -10 TMR in the ENH condition is equivalent to the PLV in the MSK condition with TMR ≥ 0 296 dB. In this case, the cortical responses would predict at least 10 dB enhancement behaviorally. In the 297 meantime, the subcortical responses (right panel in Fig. 4 ) would predict an effect size of approximately 5 298 dB. In this case, the predictions from the cortical responses align more closely with the 20 dB or more of 299 enhancement measured behaviorally in our current study. ASSRs. There are a few possible reasons to explain the apparent discrepancy between their findings and 302 ours. In their paradigm, the expected behavioral enhancement was only about 5 dB, whereas our paradigm 303 yielded 20-25 dB enhancement. Part of the difference in behavioral outcomes may be due to our use of 304 frequency roving from trial to trial, which reduces the possibility of contamination via longer-term 305 adaptation effects between trials (Feng and Oxenham, 2015) . Since the change in the phase-locked 306 responses at the subcortical level might not be sufficient to account for the behavioral threshold, as 307 suggested in our current study, it is likely to be more difficult to detect the neural changes for a smaller 308 behavioral effect size. In addition, the previous study only tested one target level, which was equivalent to 309 0 dB TMR in our study. Although enhancement does not depend on TMR statistically, we did notice that 310 the enhancement in the subcortical response tended to be smallest at 0 dB TMR. The neural mechanisms 311 for enhancement might operate primarily when the target level is lower than the masker level, since the 312 inhibition effects are strongest in single neurons of central auditory system when the masker level is 313 higher than the target level (Suga and Tsuzuki, 1985; Ehret and Merzenich, 1988; Lu and Jen, 2002) . 314
Since the ASSRs are sensitive to loudness growth (Menard et al., 2008) , the enhanced target 315 responses in the presence of the precursor may reflect the increase in the neural gain of the target 316 intensity. Such intensity changes might be related to the perceived partial loudness increase of the target 317 equivalent to a 10 dB intensity change (Wang and Oxenham, 2016) , as well as the increased effective 318 level (4-5 dB) of the target monaurally, such that a lateralized percept is produced when combining the 319 target tone with a contralateral tone at the same frequency and phase (Byrne et al., 2011) . Another study 320 estimated that the level of the target in the MSK condition would need to be raised by 23 dB to equal the 321 salience of the target in the ENH condition . It is possible that the cortical responses 322 also reflect (or are responsible for) the increase in saliency of the target in the ENH condition when the 323 target is introduced within the maskers as the new event or object, which activates the bottom-up control 324 of attention deployment (Itti and Koch, 2001; Kayser et al., 2005) . 325 326
Possible neural mechanisms of auditory enhancement 327
One possible neural mechanism underlying auditory enhancement is the adaptation of inhibition 328 (Viemeister and Bacon, 1982) . In the central auditory system, starting from the cochlear nucleus, across-329 frequency processing starts to emerge, where neurons selective to one center frequency can be laterally 330 suppressed or inhibited by neighboring frequencies (Aitkin, 1986; Rhode and Greenberg, 1994) . When a 331 complex tone is presented, the neurons that respond to each component also mutually inhibit each other. 332
Since the frequency specific responses are known to adapt over time (Ulanovsky et al., 2003; Malmierca 333 et al., 2009) , it is possible that this form of inhibition adapts in a similar way. In the ENH condition, the 334
